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Abstract 
Climate fluctuations in the past and in the future are likely to result in population expansions, 
shifts, or the contraction of the ecological niche of many species, and potentially leading to the 
changes in their geographical distributions. Prediction of suitable habitats has developed as a 
useful tool for the assessment of habitat suitability and resource conservation to protect wildlife. 
Here we model the ancestral demographic history of the extant modern Chinese Muntjac 
(Muntiacus reevesi) populations using approximate Bayesian computation (ABC), and used the 
maximum entropy model (MAXENT) to simulate the past and predict the future spatial dynamics 
of the species under climate oscillations. Our results indicated that the suitable habitats for the M. 
reevesi shifted to the Southeast and contracted during the Last Glacial Maximum (LGM), while 
they covered a broader and more northern position in the Middle Holocene. The ABC analyses 
revealed that the modern M. reevesi populations diverged in the Middle Holocene coinciding with 
the significant contraction of the highly suitable habitat areas. Furthermore, our predictions suggest 
that the potentially suitable environment distribution for the species will expand under all future 
climate scenarios. These results indicated that the M. reevesi diverged in the recent time after the 
glacial period and simultaneously as its habitat’s expanded in the Middle Holocene. Furthermore, 
the past and future climate fluctuation triggered the change of Chinese muntjac spatial distribution, 
which have great influence on the Chinese muntjac’s population demographic history. 
Keywords: Climate fluctuations, suitable habitat, spatial dynamics, Muntiacus reevesi, Middle 
Holocene.
Introduction 
Herbivores are known to be strongly affected by environmental and subtle landscape changes, 
being particularly sensitive to extremely cold temperatures and dry environmental conditions 
(Storfer et al. 2010; Sun et al. 2019), therefore making them ideal taxa for studying how historical 
events affected their demographic history (Baker and Hoelzel 2014; Yannic et al. 2014; Jenkins et 
al. 2018). The Chinese muntjac (Muntiacus reevesi) is a small deer widely distributed in Southern 
China and Taiwan (Sheng et al. 1992). It is a forest-dwelling species, inhabiting mountainous 
terrain with good cover (Wang 1990; Sheng et al. 1992). IUCN categorizes the M. reevesi as of 
Least Concern (LC), however, they report a decreasing population trend throughout the species’ 
range with their habitat being threatened due to the development of residential and commercial 
infrastructures, land conversion for agriculture, logging and direct hunting (IUCN Red List 2020, 
https://www.iucnredlist.org/). In a previous study, the demographic history of M. reevesi seems to 
indicate a concordance with the cycling of glacial–interglacials in late Pleistocene, while the recent 
population history having been influenced by early anthropogenic activity (Sun et al. 2019). 
Southern China is a biodiversity hotspot in East Asia, harboring high levels of endemism and 
extensive biodiversity (He and Jiang 2014). It’s necessary for us to understand how climate-driven 
effects on M. reevesi spatial dynamics and its early evolutionary history. In view of the spatial 
dynamics, together with the population evolutionary history, we predicted that M. reevesi may be 
an ideal model mammal to test the hypotheses on how climate change can impact species 
distribution modelling (SDM) in Southern China. 
Climate-driven range fluctuations during the late Pleistocene have continuously shaped 
species distributions, diversification patterns and demographic dynamics (Hewitt 2000; Hewitt 
2004; Yannic et al. 2014). Contemporary climate change is similarly influencing species 
distributions and population structure, with important consequences for species’ evolutionary 
potential (Araújo and Rahbek 2006; Parmesan 2006; Morin and Lechowicz 2008; Beever et al. 
2011; Comte et al. 2013; O’Brien et al. 2013). Furthermore, human-induced environmental change 
and habitat fragmentation pose major threats to biodiversity and require active conservation efforts 
to mitigate their consequences (Cincotta et al. 2000; Condamine et al. 2013; Sievers et al. 2018; 
Feng et al. 2019). Therefore, identifying species vulnerable to climate change and the extent of 
their vulnerability is vital for guiding effective conservation efforts (Araújo and Rahbek 2006; 
O’Brien et al. 2013; Stanton et al. 2015). Although Southern China was not glaciated, it also 
experienced cooler and possibly drier climates during the Pleistocene (Williams et al. 1998; Li et 
al. 2004). In the context of climatic cycling, many species experienced periodic habitat expansions 
or contractions to meet their ecological requirements. For example, Feng et al. (2019) showed how 
the endangered Crested Ibis (Nipponia nippon) expanded its range during the Last Interglacial 
(LIG, approximately 120 – 140 Kya) and retracted into small refugia during the Last Glacial 
Maximum (LGM, approximately 21 Kya) while Zhou et al. (2016) revealed the suitable habitat of 
golden snub-nosed monkeys (Rhinopithecus roxellana) expanded toward warmer Southern areas 
during the LGM. Amphibians (Zhang et al. 2008; Blair et al. 2013; Yuan et al. 2016; Wei et al. 
2020), as well as some plants (Qi et al. 2012; Tian et al. 2015; Ma et al. 2019), also exhibit such 
geographic range distribution changes during late Pleistocene. However, several studies also 
detected unusual distribution modelling during the LGM (Yannic et al. 2014; Pan et al. 2019a). 
Since 1920s, population geneticists focus on species’ population evolutionary history, their 
genetic structure and how changes in their effective population sizes modify genetic variation 
(Templeton 1998; Condamine et al. 2013). The main aims of population genetics are to 
characterize the distribution of genetic variation within and among subpopulations of interbreeding 
organisms, to study gene flow, genetic drift, mating systems, mutation and natural selection etc 
(Slatkin 1977; Templeton 1998; Tremblay and Ackerman 2001). With the help of modern genetic 
techniques, population genetics have revealed complex demographic processes (Cornuet et al. 
2014; Zhao et al. 2017; Liu et al. 2018; Hu et al. 2019), as well as have helped characterising the 
relationships among the alleles or haplotypes and their spatial distributions (Templeton 1998; Zhou 
et al. 2016; Stucki et al 2017; Wei et al. 2020). For example, using a combination of population 
genomic analyses, archeological records and historical ethnic demographics data, Zhao et al. (2017) 
identified the genetic signatures of the origins, secondary expansions and admixtures in Chinese 
sheep (Ovis aries), thereby providing evidence about the peopling patterns of nomads and the 
expansion of early pastoralism in East Asia. Using a combination of whole genome sequence data, 
Y-chromosomes and mitochondrial genomes, Hu et al. (2020) provided the first comprehensive 
genetic evidence for species divergence and long-term population bottlenecks in red pandas 
(Ailurus fulgens), demonstrating substantial inter-species genetic divergence. In addition, using 
expressed sequence tag–Simple Sequence Repeat (EST-SSR) nuclear markers, Erichsen et al. 
(2018) found that the ash (Fraxinus excelsior) population divergence between European and 
Hyrcanian populations was dated back to the end of the middle to upper Pleistocene and the 
populations experienced a recent reduction in its effective population size. Because genetic data 
carries such a rich information about species old and recent evolutionary history (e.g., Aitken et 
al. 2008; Taubmann et al. 2011; Hu et al. 2017; Liu et al. 2018; Liao et al. 2020), embedding that 
information within management plans for species’ conservation is likely to have a positive effect 
and reduce extinction rates. 
In this study, we sampled M. reevesi along the Yangtze River and used molecular markers 
combined with Geographic Information System (GIS) based environmental niche analyses to 
better evaluate population genetic differentiation processes and understand how historical climate 
induced species’ distributional shifts. Firstly, we used ecological niche modelling (ENM), 
combined with paleoclimate data to infer historical causes for the distribution pattern of M. reevesi 
as well as we used future climate predictions to define the species future distribution under 
different climate scenarios. Secondly, we used statistical phylogenetic methods to test the M. 
reevesi’s population differentiation process. The integrative analysis of population history and 
species distribution modelling enabled exploring the architecture of the evolutionary history and 
population dynamics of M. reevesi while shedding light on the ancient and future climate 
fluctuations in Southern China. 
Materials and Methods 
Distribution records collection, sample collection 
In this study, we collected the M. reevesi distribution records from previous published data 
between 1976 to 2018 (Table S1). If samples only had localities available, Google Earth was used 
to infer the coordinates of the records at the center point of the locality. Records with obvious 
geocoding errors were discarded, and duplicate records were removed manually. Finally, a total of 
226 records of M. reevesi in China were collected, resulting in a detailed distribution map cover 
(Figure 1). What’s more, three hundred and sixty skin samples of M. reevesi were collected from 
seven populations as previous described (Sun et al. 2019). 
Data analysis 
For forecasting the potential distribution shifts of M. reevesi under different climate scenarios 
(current, past and future), we carried out environmental niche modelling (ENM) using the 
MAXENT software (version 3.4.1) that is widely applied to conservation research (Phillips et al. 
2006). Compared to other methods, MAXENT has higher performance, it is suitable for datasets 
consisting of presence-only recordings (Elith et al. 2006; Peterson et al. 2011), and it is insensitive 
to small sample sizes (Wisz et al. 2008). In this study, we collected all reported M. reevesi records, 
which covered nearly all habitats for this species in China. For the current climate predictions, we 
downloaded raster coverages of 20 environmental variables (Table S2) from the WorldClim 
database (http://www.worldclim.org) at 2.5 arc-min resolution (Hijmans et al. 2005). To avoid 
multicollinearity of variables, we estimated the Pearson correlation coefficients for each pairs of 
variables and eliminated the variables with high correlation (|Pearson r|  0.85) (Pearson 1920). 
Finally, out of the total 20 environmental variables, we selected a subset of nine variables with a 
correlation lower than 0.85 as predictors, including BIO1 (Annual Mean Temperature), BIO2 
(Mean Diurnal Range), BIO3 (Isothermality), BIO4 (Temperature Seasonality), BIO8 (Mean 
Temperature of Wettest Quarter), BIO12 (Annual Precipitation), BIO15 (Precipitation 
Seasonality), BIO16 (Precipitation of Wettest Quarter), and Elevation. We chose MIROC5 model 
for the current data and the LIG, the LGM and the Middle Holocene to obtain the predicted species 
distribution across time. In addition, we used the same set of bioclimatic variables collected from 
the WorldClim database for the LIG, LGM and the Middle Holocene predictions. What’s more, 
we forecast four alternative climatic futures based on MIROC5 and four representative 
concentration pathways (RCPs) implemented by the Intergovernmental Panel on Climate Change 
(IPCC). These RCPs are RCP2.6 that correspond to a very stringent scenario forecasting no further 
increase than 2 degrees by year 2100, based on drastic changes to CO2, CH4 and SO2 emissions; 
RCP4.5 that corresponds to an intermediate scenario whereby temperature may increase between 
2 and 3 degrees by 2100 based on the start of the decline of the three greenhouse gases mentioned 
before by 2050; RCP6.0 which considers that greenhouse gas emission will start to decline around 
2080 and RCP8.5 which is considered to be the worse warming up scenario with emissions not 
declining throughout the 21st century (Remya et al. 2015). 
For each climatic scenario, we randomly divided distribution data into training data (80%) 
and validation data (20%) and run 50 replications using the subsampling method. The maximum 
number of background points was set to 10,000, and the maximum iterations were set to 5,000 
times for seeking the optimal solution (Phillips et al. 2006; Hazzi et al. 2018; Liao et al. 2020), 
while we used for the remaining parameters default values. The maximum training sensitivity plus 
specificity threshold (MTSS) maximizes the proportions of correctly identified positives and 
correctly identified negatives and considered to predict presence/absence most accurately 
(Jiménez-Valverde and Lobo 2007). In this study, we reclassified the suitability layer into four 
classes: unsuitable habitat (< MTSS), minimally suitable habitat (MTSS – 0.3), moderately 
suitable habitat (0.3 – 0.6) and highly suitable habitat (> 0.6) as Liao et al. (2020) recommended. 
Model performance under each climatic scenario were assessed by the area under the curve (AUC) 
of receiver operating characteristics (ROC) (Hanley and McNeil 1982) and true skills statistics 
(TSS) (Allouche et al. 2006). If the values of AUC and TSS close to 1, that indicates the model 
performed excellent, whereas the AUC value below 0.5 or the TSS value close to 0 means that it 
fails to describe reality (Swets 1988; Allouche et al. 2006). 
In this study, all microsatellite genotyping data were derived from Sun et al. (2019). Micro-
Checker was used to detect the presence of null alleles and genotyping errors in microsatellite 
genotyping (Van Oosterhout et al. 2004). Deviation from Hardy-Weinberg equilibrium (HWE) for 
each locus and for all loci for each population was evaluated using exact probability tests 
implemented in GenePop v.4.2.1 (Rousset 2008). The same software was used to test for the 
presence of linkage disequilibrium within each of the populations. Pairwise divergence between 
populations was estimated with Microsatellite Analyzer (MSA) (Dieringer and Schlötterer 2003) 
using 10,000 permutations to determine significance. The presence of population structure was 
determined using STRUCTURE (Pritchard et al. 2000) ran for values of the number of clusters (K) 
in the data from 1 until 7, with STRUCTURE ran 5 times for each value of K. A total of 106 steps 
of STRUCTURE’s Markov Chain Monte Carlo algorithm were run with additional 104 steps as 
burn-in. The most suitable clustering solution was determined using Evano’s method (Evanno et 
al. 2005) as implemented in StructureHarvester (Earl and vonHoldt 2012). 
Approximate Bayesian computation was used to estimate the fit of two alternative scenarios
that could explain the demographic history of the seven populations of M. reevesi. Each scenario 
had the same prior probability (i.e., 50%). In one of them, the seven populations passed through a 
population bottleneck sometime within the last 10,000 years as suggested by Sun et al. (2019) after 
which their Ne (effective population size) was free to vary, and in the other scenario no bottleneck 
constraint was imposed. The fit of the two scenarios to the observed data was determined with a 
logistic regression as implemented in DIY-ABC, and the most suitable model was used to estimate 
demographic parameters for the seven populations (Ne) and the time of divergence between pairs 
of populations. A total of 100,000 simulations were carried out for each scenario. The divergence 
pattern between populations was determined based on the Fst estimates of the pairwise population 
divergence. This consisted of a tree with a deep divergence splitting the samples into two branches, 
with one branch including the QL, BA and WL populations, and the other one including the DB, 
JLS, WN and WYS populations (Figure 2A), in line with previous Structure result (Figure 2B, Sun 
et al. 2019). This analysis was carried out in DIY-ABC 2.1.0 (Cornuet et al. 2014) with one million 
simulations to estimate the posterior distribution for each of the populations’ Ne and the times of 
divergence. Wide uniform prior distributions (where all numbers between the smallest and the 
largest number of the range have the same probability; Durret 1999) for each parameter were used 
with the prior range for the Ne values ranging between 10 and 400,000, and for the times of 
divergence between 10 and 30,000 years ago (Table S3). The simulations generated in DIY-ABC 
followed default parameters for the mutation model for microsatellites implemented in DIY-ABC. 
The simulations were summarized with the mean number of alleles per locus and mean genetic 
diversity measured in each simulated population separately as well as measured on all combined 
pairs of populations, and with the pairwise Fst measured between all pairs of populations. The 
posterior distribution of each parameters was estimated using the 1% closest simulations to the 
observed data. 
Results 
Historical dynamics of distributions 
The ENMs had excellent predictive power for occurrences under conditions of the Current, 
the Holocene (8 Ka – 4 Ka), the LGM (29 Ka – 11 Ka), and the LIG (140 Ka – 120 Ka). The AUC 
had values higher than 0.85 in all analyses, which implied that the results greatly differed from 
random prediction (AUC = 0.5) (Table S4). What’s more, TSS results showed similar tendency 
and suggest that all model outputs also with no random effect (Table S4). For M. reevesi, suitable 
habitats presently occurred in Southern China (Figure 1). Compared with the Last Interglacial, the 
LGM MAXENT projection predicted more narrow habitat hotspots and shifted them to China’s 
Southeast (Figure 3A and 3B). Furthermore, the Middle Holocene MAXENT projection predicted 
a broader distribution, which M. reevesi potentially having dispersed to the North of China (Figure 
3C). Today, our simulations predict a similar continuous distribution compared with the Middle 
Holocene area, but some differences existed for the most suitable areas (Figure 3D). 
Future potentially suitable climatic distribution 
The predicted future (2050s) suitable habitat distributions of M. reevesi under RCP 2.6, RCP 
4.5, RCP 6.0, and RCP 8.5 climate change scenarios are shown in Figure 4. We also obtained high 
AUC and TSS values for each climate scenario, suggesting model performance of ENM are 
reliable (Table S4). Compared to the current distribution, in 2050s, the total area of the unsuitable 
habitat regions for M. reevesi under the four RCPs (RCP 2.6, RCP 4.5, RCP 6.0, and RCP 8.5) 
would decrease by 6.95%, 5.19%, 6.51%, and 8.5%, respectively (Table 1), and the total area of 
the minimally suitable regions would increase by 5.02%, 4.73%, 5.94%, and 3.49%, respectively 
(Table 1). Meanwhile, the total area of the moderately suitable regions for M. reevesi would 
increase by 2%, 1.06%, 0.9%, and 3.14%, respectively (Table 1). Under scenario RCP 8.5, the 
area of the highly suitable regions would increase by 1.87%, while under scenario RCP 2.6, RCP 
4.5, and RCP 6.0, the areas of the highly suitable regions would decrease by 0.07%, 0.6% and 
0.32% (Table 1). 
Demographic reconstruction 
The demographic scenario comparison between a model including a bottleneck versus one 
without it and with both models having the same prior probability, showed that the model without 
a bottleneck fitted the observed data substantially better (no bottleneck scenario: probability 0.99 
– 95% Confidence Interval (CI) 0.991 – 0.997; bottleneck scenario: probability 0.0059 – 95% CI 
0.0029 – 0.0089). We estimated the recent demographic history of the seven M. reevesi 
populations based on the scenario without forcing a bottleneck in the populations’ recent history 
(Table 2). Overall, this scenario indicates that the posterior distribution of the ancestral population 
to the seven modern M. reevesi population was characterized by an Ne mode of 751 (95% Highest 
Posterior Density, HPD 346 – 41,900) while its derived populations presented substantially larger 
Ne posterior distributions values with modes ranging between 16,400 and 275,000, and with the 
mode of posterior distribution of the divergence age between the two main groups of populations 
at 10,400 years ago (95% HPD 4,180 – 27,900 years ago; Table 3, Figure 5). Overall, the effective 
population size of posterior distributions South populations (JLS, WN, and WYS; 16,400 – 59,200) 
were much smaller than those of the North (QL, BA, WLS, and DB; 57,800 – 275,000) (Table 2, 
Figure 5). The divergences between pairs of populations in the DB, JLS, WN, and WYS cluster 
had the modes of their posterior distributions ranging between 1,660 and 7,220 years ago, while 
those for the QL, BA and WL cluster it ranged between 2,680 and 4,690 years ago (Table 3, Figure 
5). Overall, the divergence between the modern M. reevesi was dated back to the Middle Holocene. 
Discussion 
The Chinese muntjac (M. reevesi) is widely distributed in Southern China, typically 
inhabiting temperate forests with occasional snowfall, as well as dense forests in the warm 
subtropical zone (Wang 1990; Sheng et al. 1992). In this study, the ENM revealed that the suitable 
habitats areas for M. reevesi significantly changed in the late Pleistocene. Particularly, the species’ 
highly suitable habitats were mainly distributed in Southern China and in Northern Myanmar 
during the LIG (140 Ka – 120 Ka, Figure 3A), while they shifted to Southeast China during the 
LGM (29 Ka – 11 Ka, Figure 3B). In the Middle Holocene (8 Ka – 4 Ka), the suitable habitats for 
the M. reevesi were much broader than ever including parts of Northern China (Figure 3C); 
however, following that period of time, these habitats started contracting until finally reaching the 
current distribution (Figure 3D). Previous studies in other Asiatic species have also shown that 
despite of having formally extensive ranges, their suitable niches contracted during the change 
from the LIG to the LGM, e.g., the crested ibis (N. nippon, Feng et al. 2019) and the Jerdon’s tree 
frog (Hyla annectans, Wei et al. 2020). A similar observation but with a drastic shift of the 
distribution range towards the south has been described for the golden snub-nosed monkey (R. 
roxellana) (Zhou et al. 2016), while some amphibians (Microhyla fissipes complex, Yuan et al. 
2016; Odorrana graminea, Chen et al. 2020) presented extensive range during the LGM in 
Southern China. Compared with the LIG, the temperature and precipitation declined rapidly during 
the LGM (Shi et al. 2008; Zhao et al. 2011). Particularly, in Southern China, the temperature 
reduced by 6 – 7℃ and precipitation decreased by 400 – 600 mm/year during the LGM (Zhou et 
al. 1991). In consistence with these changes, it was been shown that most vegetation ranges 
contracted and shifted to the south during the LGM (Wang et al. 2019), while during the Holocene 
forests expanded and the climate became moistier, particularly towards the middle Holocene (Zhao 
and Yu 2012). As a typical forest-dwelling species, the M. reevesi is very sensitive to cold 
temperatures and dry environmental conditions (Sun et al. 2019). During the Pleistocene, climatic 
fluctuations had important effects on biodiversity and changes in the geographic distribution of 
mammals (He and Jiang 2014; He et al. 2016; Zhou et al. 2016). Therefore, it is likely that the cold 
weather in the LGM triggered the M. reevesi hotpots habitat contraction and shift to the Southeast, 
while the more comfortable environment in the Middle Holocene broadened the habitat hotpots 
for the M. reevesi. 
Sun et al. (2019) revealed that the relative warmer weather in the Last Interglacial triggered 
M. reevesi population expansion, while the cold weather in the LGM induced a severe population 
decline. Nevertheless, the Bayesian Skyline Plot (BSP) analysis by Sun et al. (2019) reveals a rapid 
demographic expansion starting around 8,000 – 7,000 years ago that is consistent with our 
demographic analyses result that suggest the extant M. reevesi populations derive from an ancestral 
small population. Previous studies also showed that other Southern China mammals experienced 
recent population decline events, which may have been trigged by the increase in early human 
activities in the region during the Holocene (Zhang et al. 2007; Hu et al. 2011; Sun et al. 2016; 
Sun et al. 2019). However, in this study, we found the M. reevesi habitat shifted and contracted 
significantly since the Middle Holocene (Figure 3C and 3D). Therefore, we speculated that the 
climate fluctuations induced habitat shifting or contraction may have had a greater influence than 
the early human activities on recent population decline events. 
In this study, the demographic reconstruction analysis revealed that the modern M. reevesi 
grouped into three main genetic clusters (QL/BA/WLS, DB and JLS/WN/WYS), which diverged 
in the Middle Holocene (Figure 5). In Southern China, population divergence events also happened 
in the recent time as observed in the giant panda (Ailuropoda melanoleuca) (Zhao et al. 2013), the 
snub-nosed monkeys (Rhinopithecus spp) (Zhou et al. 2016), the brown norway rats (Rattus 
norvegicus) (Teng et al. 2017), and the red panda (A. fulgens) (Hu et al. 2020). The ENM analysis 
showed that the suitable habitat for the M. reevesi covered a much broader region than ever thought, 
and that it may have migrated to the North in the Middle Holocene as suitable habitat became 
available (Figure 3C). Therefore, we hypothesized that the M. reevesi populations diverged with 
the expansion of their habitats’ area. Among seven populations, the DB population from the Dabie 
Mountains diverged first ~7,220 years ago and formed an independent cluster that was closer to 
the JLS/WN/WYS (Figure 5). The uniqueness of the DB M. reevesi population is not surprising 
considering their occurrence on the Dabie Mountains. Located at mid-latitude in East Asia, the 
Dabie Mountains are composed of a chain of ancient, isolated, low-middle elevation massifs (Pan 
et al. 2019a). Furthermore, the Dabie Mountains are in the ecotone of subtropical evergreen broad-
leaved forest and the warm-temperate deciduous broad-leaved forest zone, with annual average 
temperature of 12.5°C and mean annual precipitation of 1,832.8 mm (Zheng et al. 2012). In Recent 
decades, several new species were discovered in Dabie Mountains in various taxonomic groups 
including mammals (e.g., Anhui Musk Deer, Moschus anhuiensis, Li et al. 1999), reptiles (e.g., 
Dabie Mountains Pit Viper, Protobothrops dabieshanensis, Huang et al. 2012; Zhang et al. 2013), 
and amphibians (e.g., Anhui Tree Frog, Rhacophorus zhoukaiyae, Pan et al. 2017; Dabie Mountain 
Brown Frog, Rana dabieshanensis, Wang et al. 2017; Anhui Knobby Newt, Tylototriton 
anhuiensis, Qian et al. 2017). Furthermore, Pan et al. (2019b) presented evidence that multiple 
hidden species exist in the genus Pachyhynobius, which presents a narrow habitat distribution 
across this mountain range. Together these findings strongly suggest that species endemic to the 
Dabie Mountains correspond to distinct lineages and the DB M. reevesi falls within this category. 
What’s more, we think that the isolated massifs in this mountain range, present more comfortable 
and stable climate environments that may facilitate their continuous inhabitation throughout 
climatic changes, which likely has contributed to exacerbating differences between lineages. 
Our predictions showed that the potentially suitable climatic distribution for M. reevesi would 
expand under all future climate scenarios (RCP 2.6, RCP 4.5, RCP 6.0, and RCP 8.5) (Table 1), 
indicating that more suitable habitats would be available for the M. reevesi in the future. 
Furthermore, this change was more obvious in the high greenhouse gas concentration scenarios 
(RCP 8.5) than in the low greenhouse gas concentration scenarios (RCP2.6, RCP4.5, and RCP 8.5) 
(Figure 4, Table 1). Overall, the suitable habitats for M. reevesi would expand potentially enabling 
migration to the north in the future. However, studies have shown that different species habitat’s 
respond differently to climate change, e.g., the spatial distributions of habitat for the Golden 
bowerbird (Prionodura newtonia) would decrease under different future scenarios (Hilbert et al. 
2004), while the beaded lizard (Heloderma horridum; Domíguez-Vega et al. 2012) and the white-
lipped deer (Przewalskium albirostris; Cui et al. 2018) habitats are predicted to increase, and for 
other species no appreciable habitable range changes are forecasted (e.g., Chinese Skink, Eumeces 
chinensis; Yang et al. 2020). Previous studies had concluded that global warming would greatly 
influence species distributions by causing expansions, shifts, or contractions in the species ranges 
both in vertebrates and plants (Thomas et al. 2004; Domíguez-Vega et al. 2012; Yi et al. 2016; Cui 
et al. 2018; Newbold 2018; Wei et al. 2018). For M. reevesi, future warmer climates are likely to 
result in an increase of vegetation in currently unhabitable areas (VanDerWal et al. 2013; Liao et 
al. 2020) suggesting that increased suitable habitats may further guarantee the species survival into 
the future, and leaving as main threats for the species habitat degradation due to logging and wood 
harvesting, land conversion for agriculture and urbanisation, along with hunting. 
In this study, our results revealed that the modern M. reevesi populations diverged in the 
Middle Holocene, thus should be treated as three independent management units (MUs) to 
maintain their distinct genetic variation, and considering the DB population as a separate 
evolutionarily significant unit (ESUs) from the other two groups. What’s more, the ENM analysis 
showed that the past distribution of M. reevesi was strongly susceptible to climate change and that 
the species’ habitat response to the current and forecasted climate change is likely to result in a net 
suitable habitat increase. Therefore, we think that priority should be given to the conservation and 
restoration of M. reevesi current habitat to better maintain the species population sizes and at the 
same time benefit other Southern China mammals. 
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Figure 1. Map showing the distribution sites and sampling location of Chinese muntjac in 
Southern China. QL, Qinling Mountains; BA, Dabashan Mountains; WLS, Wulingshan Mountains; 
DB, Dabieshan Mountains; JLS, Jiulingshan Mountains; WN, Wannan Mountains and WYS, 
Wuyishan Mountains. The base maps are from Standard Map Service website 
(http://bzdt.ch.mnr.gov.cn/index.html). 
Figure 2. Divergence patterns used for the DIY-ABC simulations (A), and Bayesian 
STRUCTURE clustering among Chinese muntjac populations (B). The bottom Bayesian 
STRUCTURE clustering results of microsatellite variation among seven Chinese muntjac 
populations at K = 3 was derived from Sun et al. (2019). 
Figure 3. Species distribution models of Chinese muntjac at (A) the Last Interglacial, (B) the Last 
Glacial Maximum, (C) the Middle Holocene, and (D) the Current. Color scale refers to probability 
of habitat suitability as predicted by MAXENT. The base maps are from Standard Map Service 
website (http://bzdt.ch.mnr.gov.cn/index.html). 
Figure 4. Species distribution models of Chinese muntjac predicted in the 2050s under four 
emission scenarios (A) RCP 2.6, (B) RCP 4.5, (C) RCP 6.0, and (D) RCP 8.5. Color scale refers 
to probability of habitat suitability as predicted by MAXENT. The base maps are from Standard 
Map Service website (http://bzdt.ch.mnr.gov.cn/index.html). 
Figure 5. The inferred divergence time and demographic history of Chinese muntjac populations 
in Southern China with DIY-ABC. The bottom rectangles represent the population size of each 













Table 1 Predicted distribution for Chinese muntjac under current and future climatic conditions.
Decades scenarios 
 































179,979 15,289 54,124 12,934  -6.95 5.02 2.00 -0.07 
RCP4.5 
 
184,587 14,536 51,652 11,551  -5.19 4.73 1.06 -0.6 
RCP6.0 
 
181,122 17,710 51,224 12,270  -6.51 5.94 0.90 -0.32 
RCP8.5 
 
175,898 11,292 57,114 18,022  -8.50 3.49 3.14 1.87 
Note: Number of spatially defined cells under different scenarios at a resolution of 2.5 arc-min × 2.5 arc-min. The increased/decreased 
rate were compared with the current distribution.
Table 2. Demographic parameters inferred with DIY-ABC.  
 Mode 5% HPD LB 95% HPD UB 
QL 22,100 8,850 36,500 
BA 16,400 5,090 36,600 
WL 59,200 29,300 77,400 
DB 28,300 14,600 38,300 
JLS 109,000 51,700 194,000 
WN 57,800 20,500 77,800 
WYS 275,000 93,500 1410,000 
Ancestral population 751 346 41,900 
Note: The model of the posterior distribution of each parameter is shown in the column 
Mode, with the two adjacent columns presenting the lower bound of the 95% highest 
posterior density of the distribution (5% HPD LB) and the corresponding upper bound (95% 
HPD UB). Parameter names are shown in Figure 5.
Table 3. Divergence parameters inferred with DIY-ABC.  
 Mode 5% HPD LB 95% HPD UB 
T1 1,660 268 6,950 
T2 2,680 579 11,100 
T3 3,880 924 9,360 
T4 4,690 2,170 17,500 
T5 7,220 3,230 14,300 
Td 10,400 4,180 27,900 
Note: The model of the posterior distribution of each parameter is shown in the column 
Mode, with the two adjacent columns presenting the lower bound of the 95% highest 
posterior density of the distribution (5% HPD LB) and the corresponding upper bound (95% 
HPD UB). Parameter are also shown in Figure 5.
Table S1 The M. reevesi distribution records. 
latitude longitude Source 
28.54 118.01 
Sheng HL, Wu TR, 1981. The black muntjac, Chinese muntjac and tufted deer in West 
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Table S2. 20 environmental variables download from the WorldClim database. 
BIO1 Annual Mean Temperature 
BIO2 Mean Diurnal Range 
BIO3 Isothermality 
BIO4 Temperature Seasonality 
BIO5 Max Temperature of Warmest Month 
BIO6 Min Temperature of Coldest Month 
BIO7 Temperature Annual Range 
BIO8 Mean Temperature of Wettest Quarter 
BIO9 Mean Temperature of Driest Quarter 
BIO10 Mean Temperature of Warmest Quarter 
BIO11 Mean Temperature of Coldest Quarter 
BIO12 Annual Precipitation 
BIO13 Precipitation of Wettest Month 
BIO14 Precipitation of Driest Month 
BIO15 Precipitation Seasonality 
BIO16 Precipitation of Wettest Quarter 
BIO17 Precipitation of Driest Quarter 
BIO18 Precipitation of Warmest Quarter 
BIO19 Precipitation of Coldest Quarter 
 Elevation 
	
Table S2. Prior distributions for parameters estimated in DIY-ABC. Ne is the effective 
population size, NA is the ancestral Ne, Ne 1 is the Ne of the ancestor population of QL, 
BA, WLS and which bottlenecked, Ne 2 is the ancestor population of JLS, WN, WYS, DB, 
and T1 to Td are the times of divergence as indicated in Figure 5. 
Parameter Lowest value of the prior 
distribution 
Highest value of the prior 
distribution 
QL Ne 10 40,000 
BA Ne 10 40,000 
WLS Ne 10 80,000 
DB Ne 10 40,000 
JLS Ne 10 200,000 
WN Ne 10 80,000 
WYS Ne 10 1,600,000 
NA 10 60,000 
T1 10 10,000 
T2 10 15,000 
T3 10 10,000 
T4 10 20,000 
T5 10 15,000 
Td 10 30,000 
Ne 1 bottleneck 10 10,000 
Ne 2 bottlenck 10 10,000 
Table S3. Model performance assessment by AUC and TSS. 
 
AUC TSS 
LIG 0.854 0.7164 
LGM 0.8604 0.7338 
MH 0.8508 0.7496 
Current 0.8526 0.7581 
2050_RCP2.6 0.8578 0.7195 
2050_RCP4.5 0.8535 0.715 
2050_RCP6.0 0.8556 0.7023 
2050_RCP8.5 0.851 0.7268 
 
